Abstract-A back electromotive force-based position observer for motion-sensorless synchronous reluctance motor (SyRM) drives is augmented with high-frequency signal-injection method for improved low-speed operation. Previously proposed observer structure is further improved to account for the cross saturation in the motor. The combined observer is experimentally evaluated using a 6.7-kW SyRM drive in low-speed operation and under various load conditions. The resulting position error at low speeds and standstill is small.
estimation method, combined with a signal-injection method applied only at the lowest speeds [2] , [15] - [17] .
SyRMs are usually magnetically saturated in the rated operating point. The d-axis flux component saturates strongly as a function of the corresponding current component. Furthermore, the d-axis saturation is coupled with the q-axis saturation. This cross saturation presents an error in the position estimate obtained from the signal-injection method. Typically, compensation for this estimation error is either omitted or it is carried out by directly correcting the output variable, i.e., the position estimate.
In this paper, an adaptive full-order observer, combined with high-frequency signal injection [4] , is applied for a SyRM drive to improve low-speed operation. The method is further improved to account for the cross saturation in the motor. Since the information provided by the signal-injection method is used via correcting internal states of the underlying fullorder observer, the position error caused by the cross saturation has to be compensated for before the additional information is introduced to the underlying observer. Otherwise, the dynamics of the combined observer might be impaired.
A minimum requirement for any observer is that the estimation-error dynamics of the closed-loop system are locally stable at every operating point in ideal conditions. To satisfy this requirement and simplify the tuning procedure, a stabilizing gain proposed in [18] is taken as a starting point. This gain is modified to consider the effect of the signalinjection method on the estimation-error dynamics.
After a review of the motor model in Section II and the rotor-position observers in Section III, the main contributions of this paper are presented in Section IV: 1) a modified position estimation method, based on signal injection, which reduces the steady-state estimation error caused by cross saturation, is proposed; 2) a stabilizing gain modification for the combined observer is proposed. The experimental setup is described in Section V, and the performance of the drive at low speeds and standstill is experimentally validated using a 6.7-kW SyRM drive in Section VI.
II. SYRM MODEL

A. Fundamental-Excitation Model
Real space vectors will be used here. components of the vector and the matrix transpose is marked with the superscript T. The electrical position of the d-axis is denoted by ϑ m . The d-axis is defined as the direction of the maximum inductance of the rotor. The position depends on the electrical angular rotor speed ω m according to
To simplify the analysis in the following sections, the machine model will be expressed in the estimated rotor reference frame, whose d-axis is aligned atθ m with respect to the stator reference frame. The stator inductance is
whereθ m =θ m − ϑ m is the estimation error in the rotor position, L d is the direct-axis inductance, and L q is the quadrature-axis inductance. The coordinate transformation matrices are expressed using matrix exponential, i.e., eθ m J = cosθ m I + sinθ m J, where the identity and the orthogonal rotation matrices are
where ψ s is the stator-flux vector, u s is the stator-voltage vector, R s is the stator resistance, andω m = dθ m /dt is the angular speed of the coordinate system. The stator current is
where it is worth noticing that the inductance matrix L depends nonlinearly on the position estimation errorθ m .
B. Saturation Model
The inductances L d and L q in (2) depend on the flux components (or the current components) due to magnetic saturation. This dependency has been modeled as [19] 
where all parameters L du , L qu , α, γ, δ, k, l, m, and n should be positive.
C. High-Frequency Model
The incremental inductances seen by high-frequency excitation are
Due to reciprocity, L qd = L dq will be assumed. It is worth noticing that L qd = L dq = 0 would hold in the case of no The incremental inductances seen by the high-frequency excitation do not necessarily coincide with the incremental inductances seen by the fundamental excitation [8] . This is shown in Fig. 1 , where the incremental inductances measured using 500-Hz voltage excitation and incremental inductances predicted by the fundamental-excitation model (5) are depicted for a 6.7-kW SyRM (see Section V). The saliency ratio of 
III. ROTOR-POSITION OBSERVER
The block diagram of a sensorless vector-controlled SyRM drive is shown in Fig. 2 . When the drive is operated in the speed-control mode, the control system is augmented with the speed controller, whose feedback signal is the rotor speed estimateω m . In the following, the adaptive full-order observer and the error-signal calculation are considered.
A. Adaptive Full-Order Observer
The adaptive full-order observer [4] , [20] shown in Fig. 3(a) is considered. In the adjustable model, the stator-flux and stator-current vectors are estimated according to
whereî s is the estimated stator-current vector,ĩ s =î s − i s is the estimation error of the stator current, K is the observer gain matrix, andR s is the model stator resistance. The model inductance matrix isL
whereL d andL q are the direct-and quadrature-axis model inductances, respectively. Without loss of generality, the elements of the observer gain matrix are expressed as
to simplify the following equations. The four tuning parameters are k 11 , k 12 , k 21 , and k 22 . The rotor speed is estimated with the proportional-integral (PI) algorithm
The gain vectors k p and k i are chosen to use the estimation error only in the q-axis direction
B. General Stabilizing Gain Design
Locally stable estimation-error dynamics in every operating point are guaranteed for accurate model parameters, if the elements of the observer gain matrix are selected as [18] k 11 = k 11 (12a)
where β = i q /i d and the functions k 11 and k 21 are
The new design parameters are b and c and they should be positive. To simplify the resulting equations, the gains k p and k i are scaled according to [18] 
where d and e are the new design parameters, which may depend on the rotor speed. With this gain selection, the characteristic polynomial of the closed-loop system consisting of (1)- (4) and (7)- (14) can, after linearization, be split into a product of two second-order polynomials 
yielding a double pole located at s = −ρ. The remaining three design parameters are b, c, and ρ, which should be positive. In summary, the selected gain formulations in (12) and (14) enable direct placement of the closed-loop observer poles (assuming the linearized system, accurate model parameters, and no correction from the signal-injection method).
C. High-Frequency Signal Injection
As shown in Fig. 2 , a high-frequency voltage excitation is superimposed on the stator voltage in the estimated d-axis direction [14] 
The high-frequency current responses depend on the position error
where
Conventionally, only the high-frequency current component perpendicular to the injected signal is used in position estimation, which is then demodulated and low-pass filtered (LPF) [21] , [22] = LPF i q sin(ω c t) .
This demodulation process corresponds to Fig. 3(b) if only the q-component of the current is used. Using (18) and (20) , the resulting quasi-steady-state error signal can be approximated as
If this error signal is driven to zero, a nonzero steady-state position errorθ
results due to cross saturation [23] .
D. Combined Observer
In the combined observer proposed in [4] , the error signal is driven to zero by means of the PI algorithm
This correction ω is combined with the observer (7), resulting in
The gains in (23) are
where α i is the approximate bandwidth of the PI algorithm and k is the ideal signal-injection gain from the error signal to the position errorθ m , given by
A first-order LPF is considered in the demodulation process in (20) . The filter bandwidth is selected to be α lp = 3α i in accordance with [4] . A smooth transition from standstill to high-speed operation is implemented by decreasing the injected voltage and the bandwidth of the PI algorithm as the speed increases
where u c0 is the amplitude of the injected voltage and α i0 is the bandwidth of the PI algorithm at zero speed. The transition function is selected as
In [4] , the gain selection was derived assuming fast flux-estimation dynamics. In the case of SyRMs, the fluxestimation dynamics cannot be typically omitted. Instead, the speed-tracking loop (10) has to be tuned for a high bandwidth (approximately 10 times that of the flux-estimation dynamics). Therefore, the tuning of the combined observer should be reconsidered for SyRMs.
IV. PROPOSED SCHEME
A. Cross-Saturation Compensation
Since the information provided by the signal-injection method corrects the internal states of the underlying full-order observer according to (24) , the effect of the cross saturation on the position error (22) should preferably be compensated for by directly correcting the error signal . The proposed method is to use a combination of the d-and q-axis current components, which is demodulated and LPF
whereL dq andLare the model incremental inductances. This demodulation process is shown in Fig. 3(b) . The ratiô L dq /Lcan be regarded as a compensation factor, which can also include other model and implementation uncertainties. It can be observed from Fig. 1 
With (18) and (29), the quasi-steady-state error signal is approximated as
Assuming accurate model parameters and small position error, this error signal reduces to
which vanishes withθ m = 0. Hence, the position error caused by the cross saturation can be ideally reduced to zero if the ratioL dq /Lis known. This method is closely related to the method proposed in [2] , which is based on tracking the flux variations in the estimated q-axis direction. However, the scheme in [2] requires relatively high-amplitude carrier voltage signal and the stability analysis of the method has been omitted.
B. Observer Gain Selection
Because the correction signal ω in (24) affects the dynamics of the underlying full-order observer, the observer gains defined by (12) do not guarantee the stability of the augmented system and tuning of the combined observer has to be reconsidered. Since signal injection is applied only at the lowest speeds, the transition between the gains in (12) and the modified gains should be seamless.
The effect of different gain selections on the stability of the combined observer was analyzed using the linearized estimation-error dynamics given in the Appendix. The numerical studies suggested that the gain selection (12) with b > 0 and c > 0 does not guarantee the stability of the combined observer at very low speeds. However, this instability due to the interaction between the adaptive observer and the signalinjection correction can be remedied with the modified gains
where k 1 and k 2 are positive constants and the function f is given in (28). It can be seen that these gains reduce to those given in (12) at higher speeds, when the signal-injection method is disabled. The modified gains (32) can be also interpreted as replacing the observer parameters b and c/ω m in (13) with
respectively, which now are not necessarily positive. It can be seen that the sign of c 1 can be either positive or negative, while b 1 remains positive. The robustness of the combined observer is studied using the linearized estimation-error dynamics given in the Appendix. The standstill operation with the negative and positive rated loads was considered. The actual parameters correspond to those of the 6.7-kW SyRM: L d = 2.00 p.u., L q = 0.3 p.u., and R s = 0.042 p.u. Tuning parameters are: ρ = 2 p.u., u c0 = 0.1 p.u., ω c = 2π · 500 rad/s, ω = 0.1 p.u., and α i0 = 0.1 p.u. The same relative uncertainty (10%) is assumed for all three model parametersL d ,L q , andR s . Hence, eight different worst case combinations, consisting of minimum and maximum values of the model parameters, can be formed. For example, one of the worst case combinations isL
At each studied operating point, the local stability of the system was analyzed for all eight worst case combinations of erroneous model parameters.
The stability of the estimation-error dynamics with erroneous model parameters was tested for different values of the design parameters b and c 1 . The stability maps are shown in Fig. 4 , where stable areas are shaded and unstable areas are blank. Fig. 4(a) and (b) shows the stability maps in the designparameter space for i q = −0.9 p.u. and for i q = 0.9 p.u., respectively. It can be seen that the shape of the stable region changes with varying load, and that there are no stable points for c 1 > 0, when i q = −0.9 p.u. for this particular case. It is worth noticing that the combined observer is more robust when applied for PMSM drives, since the stability is governed by the operation-point parameter β, which for PMSMs is [18] 
where ψ pm is the permanent-magnet flux. For PMSMs, the parameter β does not change as drastically as it does for SYRMs when the load changes.
V. EXPERIMENTAL SETUP AND PARAMETERS
The motion-sensorless control system was implemented in a dSPACE DS1104 PPC/DSP board. A 6.7-kW four-pole The stator currents and the dc-link voltage were measured, and the reference voltage obtained from the current controller was used for the observer. The sampling was synchronized to the modulation, and both the switching frequency and the sampling frequency were 5 kHz. A simple current feedforward compensation for dead times and power device voltage drops was applied.
The control system was augmented with a speed controller, whose feedback signal was the speed estimateω m obtained from the proposed observer. The bandwidth of this PI controller, including active damping [24] , was 0.05 p.u. Table I [19] . Since at low speeds even small model parameter errors may result in considerable errors in the estimated fluxes, the saturation model is implemented using the measured current components as independent variables. Then, another estimates forψ d andψ q are searched iteratively so that the estimation errorŝ i d − i d andî q − i q vanish. Unless otherwise mentioned, the compensation for cross saturation is modeled aŝ
VI. EXPERIMENTAL RESULTS
The experimental results of a sloped speed reversal from ω m = 0.1 p.u. toω m = −0.1 p.u. and back to 0.1 p.u. with negative rated load torque applied using only the q-axis component of the high-frequency current (L dq /L= 0) are shown in Fig. 5(a) . It can be seen that the system is unstable and fails to cross the zero speed due to large position error.
Similar results with the proposed cross-saturation compensation method are shown in Fig. 5(b) . It can be seen that the mean position error is close to zero and the noise in the estimation error is smaller. The experiments suggested that the drive becomes unstable in this particular test if the error inR s is larger than approximately ±10%.
The experimental results of load-torque steps when the speed reference was kept at zero are shown in Fig. 6 . The load torque was stepped to the rated load torque at t = 2.0 s, reversed at t = 5.0 s, reversed again at t = 7.5 s, and removed at t = 10 s. It can be seen that the combined observer behaves well in load transients in standstill operation.
The experimental results of sloped torque reversal when the speed reference of the loading machine was kept at zero are shown in Fig. 7 . The SyRM drive is operated in the torque-control mode. It can be seen that the combined observer behaves well in this experiment. There is a region at t ≈ 9.0 s near no-load condition where the cross saturation is not properly compensated by the simple compensation function (34). This modeling error can also be observed in Fig. 1(c) , where L dq increases rapidly as function of i q in the vicinity of i q = 0.
VII. CONCLUSION
In this paper, an adaptive full-order observer with signal injection is implemented and improved for SyRM drives. The evaluated scheme demonstrates good performance and small position error in laboratory experiments, but is relatively sensitive to the parameter errors of the fundamentalexcitation model. This suggests that the scheme could be further improved with a stator-resistance adaptation mechanism, for example. 
where the tilde refers to the small-signal quantities. The linearized closed-loop system consisting of (1)- (4), (8)- (11), (23), (24), (31), and (35) is expressed in (36), which is shown at the top of this page, where
The steady-state error of the q-axis flux isψ q0 = (L q − L q )βi d , andψ d0 and ω 0 can be solved from
The local stability of the combined observer can be analyzed using these relations.
